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Abstract 
The paper will describe a site investigation study that has been performed on the Vedsted structure in NW Denmark, where upper 
Triassic and Lower Jurassic sandy formations are planned target reservoirs for large-scale CO2 injection. The study is carried out 
in the screening stage where only existing data are used for the characterization, for geo-modeling and for the dynamic modeling 
of storage capacity and injectivity. In this early stage of site investigation, the regional geological model and sequence 
stratigraphic interpretation are important contributors to the construction of a realistic geo-model.  
The reservoir rocks are mainly constituted by estuarine and shoreface sandy facies, interfingering with offshore muddy 
intercalations. This facies assemblage gives rise to internal seals or baffles, which potentially have marked influence on the 
lateral distribution of the injected CO2. The sealing properties of the interfingering shaly layers are therefore very important 
during the future petrophysical characterization studies. 
The two reservoir layers of interest are at depths of 1300 and 1900 m respectively, and therefore the CO2 is injected at 
supercritical conditions. The flow simulation study is carried out with a commercial black oil simulator, and the use of capillary 
pressure and relative permeability functions for the simulation causes concern about the upscaling effects, and especially how to 
handle the effects from small-scale heterogeneities at the sub-gridcell scale. Especially the additional storage effect from 
capillary trapped CO2 during the long-term equilibration period with associated water imbibition should be investigated as 
dependent on the small-scale heterogeneities. Potentially, the different heterogeneities at small- to medium-scale can add an 
element of increased capacity and added containment safety that has not yet been fully recognized and quantified. 
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1. Introduction 
More than a century of work in oil and gas production has trained all petroleum geologists and engineers in 
recognizing and describing the geological characteristics that are important for estimating reservoir quality, 
calculation of volume of oil-in-place and development strategy for optimal production. The rise of activity during 
the last decade with somewhat similar tasks related to CO2 storage in the subsurface has indicated that some of the 
skills and priorities can be directly transferred. But it has also become clear that new learnings are necessary; other 
geological characteristics must come in focus, and this is all due to the differences in fluid properties and flow 
processes for CO2, and the overriding objective of searching for large and permanent storage availability. 
With respect to CO2 storage we are looking for Capacity, Injectivity and Containment, and more specifically the 
geological conditions for optimizing these aspects. Here we claim that a potential lies in successions with a specific 
stratigraphic architecture with reservoir quality rock interlayered with intraformational sealing layers that provide 
baffles which can slow down the vertical migration and thereby increase the amount of residual gas trapping and 
dissolution. Examples of this reservoir type have been described by Gibson-Poole et al. [1]. 
Since the processes we are interested in occur at a wide range of scales, likewise we need to assess the geology at 
different scales, i.e. from laboratory scale, well core material and well logs, well tests and hydrodynamic models, 
field scale facies arrangement and geometries, all the way up to the regional scale and structural architecture. This 
task requires tremendous integration and cross disciplinary work, luckily a project structure that has already been 
promoted and implemented in the oil and gas industry, and should be ready to transfer to new activities. 
This paper will outline some of the work connected to an initial site investigation of the Vedsted structure, a 
saline aquifer potential storage site in northern Denmark. The prior very preliminary work on capacity assessment is 
recently extended with more detailed site investigation including reservoir modelling studies and will soon be 
supplemented with results from ongoing 2D seismic investigations. A brief description of the types of sedimentary 
heterogeneities to be encountered in the sequence is outlined, and their potential for trapping of CO2 is evaluated. 
The description of heterogeneity trapping is first outlining the large scale effects in the field scale reservoir model, 
and then for models at much more detailed scale (m-scale), which includes sedimentary structures such as cross-
bedding and tidal sandbar layer-stacking. 
2. Background 
The Vedsted structure has early on attracted attention as a potential storage site and was included in the storage 
capacity assessment campaign under the EU-supported GESTCO project [2]. This forms the basis for the following 
description. The Vested structure is situated in northern Jutland close to the city of Aalborg (Fig. 1). The main 
reservoir is mapped in the Upper Triassic – Lower Jurassic Gassum Formation.  
 
Figure 1: Map showing the position and outline of the eleven structural closures mapped in Denmark, including the Vedsted site on the North 
mainland (green arrow).  
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The Vedsted structure is a domal structure situated in a small graben bounded by northwest-southeast trending 
faults. The graben structure is part of a Triassic rift system forming the deep Fjerritslev Trough. The structural 
history of the Vedsted structure is not fully interpreted, partly due to lack of sufficient seismic information at depth.  
From the top point of the structure, an existing oil exploration well from the 50’s - Vedsted-1, has penetrated both 
the seal and the reservoir layers. Another well - Haldager-1, of similar age is situated a few km to the east, but is 
outside the graben structure. The structure is interpreted based on very sparse vintage 2D seismic data. 
Detailed sedimentological and sequence stratigraphic interpretations and correlations of the well-logs and cores 
have established a robust stratigraphic framework for the Upper Triassic-Jurassic succession [3]. This framework 
forms the basis for the interpretation of the Vedsted-1 well section and the predictions regarding lithology of the 
potential reservoirs and seals in the Vedsted area (Fig. 2).  
 
Figure 2. SW-NE well-log panel centered on the Vedsted-1 well, across the Danish Basin, the Sorgenfrei-Tornquist Zone and the Skagerrak-
Kattegat Platform showing the lower part of the Gassum reservoir. The shallow water sands of shoreface and estuarine facies clearly extends 
from the Scandinavian terrestrial terrains in the NE and into the Danish Basin terminating into offshore mudstone facies. The shoreline 
fluctuations cause interfingering of these different facies types and give rise to pronounced vertical variability. Modified from Nielsen [3]. 
3. The reservoir model 
The Upper Triassic – Lower Jurassic sandstones of the Gassum Formation form the primary target reservoir unit. 
Deposition of the Gassum Formation was in part controlled by the development of the Triassic rift system and both 
the Gassum and Haldager Sand Formations show increased thicknesses at this site with a main reservoir unit of 139 
m with net/gross as high as 0.74. The porosity has been measured on core material to be between 20 and 24 % and 
the gas permeability up to 1000 mD [2]. The structure is a small ellipsoid closure approximately 250 m high; 
covering 32 km2 and top of the main aquifer structure is 1900 m below msl. The spill point is situated towards the 
southeast (Fig. 3A). Assuming a normal pressure and temperature gradient for the Danish Basin the reservoir 
structure is calculated to hold a storage potential of 161 Mt CO2 based on very preliminary estimates [2]. The 
reservoir is sealed by 525 m of marine claystones of the overlying Fjerritslev Formation (Fig. 3B). The layering in 
the sequence is clearly shown in the porosity log data (Fig. 3C). 
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Figure 3.  A: Structural map of the top Gassum Formation in the reservoir model. B: Stratigraphic depth section of the Vedsted-1 well showing 
the lithostratigraphic units and their thickness. The main reservoir is sandstones of the Gassum Formation. The lithostratigraphic units and 
definition of formation boundaries in the deep well are based on Nielsen & Japsen (1991). C: Porosity profile in the Gassum Formation showing 
the lower transgressive sequence developing into the offshore claystones, and an overlying regressive unit with shoreface facies. 
3.1. Reservoir modeling 
For the initial site investigation starting at the large scale, which aimed at estimating storage capacity and 
injectivity, a reservoir model was created from the available data from the old exploration well and existing 2D 
seismic lines. The reservoir model covering the structure area of 12 x 19 km (Fig. 4) was used for flow simulation 
studies utilizing ECLIPSE100, a commercial black-oil simulator. The simulator oil phase was given PVT and phase 
data corresponding to brine and the simulator gas phase was given properties corresponding to CO2, and all PVT, 
solubility data and viscosities are represented in tables included in the simulation. This allows both solubility 
properties and density versus depth data to be consistently represented. The phase behaviour is described by black-
oil PVT tables and incorporating the CO2 densities for the PVT table. 
 
Figure 4. The reservoir model for the Vedsted structure showing the top Gassum map and the porosity structure on the end face. 
3.1.1. Saturation Functions 
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For the large field scale model, the applied brine and gas relative permeabilities are used inspired by laboratory 
measured data [4], although discussions are ongoing especially regarding the determination of the endpoints for such 
functions as indicated by alternative solutions [5, 6]. Only drainage curves are used for simulation of the injection 
period in the field scale model since equilibration conditions are not reached. Injection is simulated as a continuous 
scheme, and therefore no aquifer encroachment and imbibition occurs. 
The CO2/brine capillary pressure for the reservoir sand is assigned a capillary entry pressure of 0.1 bar, and this is 
of the same magnitude as entry pressures given for reservoir rocks [7] and from other studies, and corresponds to 
permeabilities around 10-100 mD for clastic rocks. The CO2/brine capillary pressure used for the seal rocks with 
higher capillary entry pressures are assigned to the middle claystone sequence in the Gassum model, and also for the 
low-permeability shale layers interbedded in the other parts of the reservoir in the Gassum Formation. The capillary 
pressure characteristics of shaly rocks and seals have been derived from other studies in comparable lithologies. At 
the Stenlille gas storage facility, the Gassum Formation forms the main reservoir in a natural gas storage facility.  
Here, extensive measurements of top seal capillary pressures have shown that the natural gas/water capillary entry 
pressure is well above 70 bars (Bech & Larsen, 2005) corresponding to about 26 bars for CO2/water. A wide range 
for entry pressures has been reported [1] for a variety of seal types in the Gippsland Basin in Australia, reaching 
values up to several hundred bars. Due to the uncertainty with characteristics of the intra-formational seals in 
Vedsted we have assigned a slightly lower capillary entry pressure of 10 bar to account for possible discontinuities 
and mixed lithologies.  
3.2. Heterogeneity effects at large scale 
The behavior of the reservoir model has been investigated by placing an injection well on the southeastern flank 
and using injection rates realistic for power-plant supply rates. After 10 years constant injection the CO2 distribution 
is as shown in Fig. 5, which clearly shows the subdivision of the migrating front into several sub-layers due to the 
low permeability intraformational sealing layers having also higher capillary entry pressures. The layering in the 
model has maximum continuity, which probably overestimates the segregation to be found in real cases, but any 
intra-reservoir sealing layers will have effect on the distribution. 
 
Figure 5. Vertical section NW-SE in the Gassum reservoir model through the injection well showing CO2 saturation (free gas-phase supercritical 
CO2) after 10 years injection. Although the model is constructed in a fairly coarse grid, the intra-reservoir sealing layers are clearly reflected in 
the grid and influence the spatial distribution of the injected CO2. 
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3.3. Hysteresis effects and residual CO2 saturation 
When injection of CO2 in a reservoir ceases or parts of the reservoir for other reasons are subjected to water 
influx, the imbibition process leaves behind a certain amount of residual gas trapped by the capillary forces in the 
pore system. This hysteresis effect and its contribution as a storage mechanism has been outlined and described in 
several studies [8, 9, 10, 11, 12] and the positive contribution to long-term trapping and immobilization of CO2 has 
been emphasized. The following chapter will investigate this concept in the context of what we know about 
sedimentary heterogeneity at the present site, and will try to illustrate an additional storage effect of this 
heterogeneity trapping. 
3.4. Heterogeneity effects at small scale 
The effect of heterogeneity, resolution and grid cell choice on the simulation results is well-known territory 
within the oil and gas modeling world [13, 14]. In CO2 storage context limited work has been dealing with the 
effects of sub-gridcell heterogeneities concerning the trapping of CO2 due to capillary trapping of residual gas. This 
study attempts to illustrate that even small-scale heterogeneity has implications for how the CO2 is distributed and 
trapped in sedimentary sequences, and outlines a workflow for the study of these effects. A starting point is the 
smallest representative volume found in a given sedimentary sequence, maybe representing different facies. These 
limited volumes are then simulated for CO2 through-flow in order to quantify how much CO2 is retained in the 
volume as a result of heterogeneity trapping. The representative volumes and their effective behavior can then be 
used as building blocks for medium-scale models and upwards to field-scale modeling. 
3.4.1. Small scale sedimentary heterogeneity 
The shoreface and estuarine facies recorded in the reservoir in the Gassum Formation has a variable lithology and 
thereby also petrophysical properties (Fig. 6A).  
A    B  
Figure 6. A: Core log from the Gassum Formation in the Vedsted-1 well showing sedimentary contrasts and internal structures of cross-bedding, 
bottom-sets and truncations. B: A representative block of 1x1 m has been extracted from outcrop mapping of tidal sand bars to illustrate the 
crossbedding structure and the model used for small-scale flow simulation. The dark laminae are the low-permeability sand layers (Figure 
modified from Huysmans et al, [15]). 
The exact variability and geometry in the sequence has not been studied, and therefore work on analogue 
outcrops are included to supply geometry and small scale heterogeneity patterns at meter scale. A recent study on 
tidal sandbars [15] has supplied geometries at 2 different scales, and assumptions about the petrophysical parameters 
have been made based on measured core samples from Gassum Formation material and other studies. 
In the tidally influenced setting, the foreset deposits consist of laminae that formed by grains avalanching down 
the leeside of sandbars. These inclined foreset laminae are preserved and have slightly different properties since the 
grains are sorted during avalanching, resulting in coarse and fine grained laminae. Mud drapes are thin layers of 
mud deposited during reduced current action, covering the lowest part of the foresets or even the complete tidal bar 
during standstill when the tidal current is changing. 
A 2D model for crossbedded tidal bar sands has been extracted from figure material [15, Figure 2], and has been 
subdivided into 2 sediment classes, a high- and a low-permeable sand class (Fig. 6B). These two classes have then 
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been assigned porosity and permeability properties and saturation functions (Table 1), and installed in a flow 
simulation setup designed for meter-scale 2D model investigations. 
 
Table 1. Petrophysical properties of the two sand classes in cross-bedded tidal bar sands. 
 Lo-k-sand Hi-k-sand 
Permeability 100 600 
Porosity (effective) 0.20 0.28 
Pce – entry pressure 0.05 0.02 
Swir 0.42 0.42 
Sgr (residual gas) 0.3 0.3 
 
The limited difference in the properties in the crossbedded system give rise to only limited flow contrast, and 
only moderate internal trapping. The effect of the different capillary entry pressures will depend on the pressure 
gradient in the actual region, and therefore some parts of the reservoir with low pressure gradients would experience 
more trapping. 
3.4.2. Flow simulations 
The numerical model for the small scale model is constructed with grid cells of 6.2 mm for a model volume of 
0.25x0.5 m extracted from the 1x1 m model. This will ensure that the petrophysical parameters are represented at 
the correct scale (i.e. at the scale they have been measured) and that the used saturation functions measured at 
laboratory scale are represented at a scale where no averaging has occurred. 
 
A            B  
Figure 7. A: Model for crossbedded sand of size 1x1 m. B: Simulation of the imbibition cycle in the 0.25x0.5 m model of crossbedded sand. The 
trapping of CO2 below the low-permeable layers is seen. The red margin is a numerical margin zone for the simulation to accommodate pressure 
equilibration. 
The simulations are performed with Eclipse100 using lab units mode. The models are in principle first flooded 
with CO2 by injecting from one end-face at an injection rate that is creating a reservoir-realistic pressure gradient 
through the model. Then injection is stopped, and the model is allowed to equilibrate only influenced by the 
gravitational forces to displace the fluids. Dissolution has been set to zero in order to reduce complexity in 
interpretation. In the present case, we have skipped the drainage time and initialized the model with uniformly high 
gas saturation to get a simple start. The equilibration causes imbibition by water from below, and the saturation 
functions are used to reflect both hysteresis and the effects from capillary pressure contrasts. As shown by the initial 
simulation results (Fig. 7B) the low-permeability sand layers with slightly higher capillary pressure expels the gas 
more readily than the high-permeable sand, thereby lowering the relative permeability to gas dramatically. This 
P. Frykman et al. / Energy Procedia 1 (2009) 2975–2982 2981
 P.Frykman/ Energy Procedia 00 (2008) 000–000 
effect of different capillary pressure levels, restricts the CO2 below the low-permeable layers escaping upwards 
through the layer with higher capillary forces. 
4. Conclusion 
The flow simulation results show that in addition to the capillary trapped CO2 which remains after an imbibition 
process and which is caused by well explained hysteresis, some is also captured beneath the low-permeability layers 
due to capillary heterogeneity and becomes partly immobilized. The CO2 is trapped because it cannot penetrate the 
layers with higher capillary pressures, low gas saturation and thereby very low relative permeability, within the 
model. 
The additional captured CO2 might only amount to a few percent in addition to the residual CO2 as given by the 
saturation function endpoints, but seen in a larger perspective, this can result in very large volumes that are 
sufficiently arrested and immobilized and potentially can be dissolved in the formation water given some more time 
for that process. This capillary heterogeneity trapping adds an element of overall increased containment safety and 
maybe in some case additional capacity. 
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